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The Local Structure d’ High-Temperature Superconductors

Jo.sdMtJSTIUi DE LEON, Skwcn D, CONRADSON, Alan R. BISIKX>, and Ian D RAIS’IRI(’K
LOSAlanm Nm-ions]LAoratmy, IAM Aiarrms,NCWMexm) 87S45. [JSA

We show how .XAI:S has bcwn sutxcssfutly U.WJ in the dctcnnirm[ion of tic IOCAIcrystaf SUUC[UW of

high-tcmperalurc superconductors, with adva.mges over traditional diffraction mchniqucs, Wc review drt!
cxperimcntat results that yiekfcd the first evidence for an axial -oxygen-cmrmrcd lil[liCfJ instability connccwd
v:ilh the supercrmductivity transition. “flw in[mprc~[ion of’ Uris instability in rcrms d’ a rlyr)irrnid (urrmlmg
model SUggeSL\ [he presence of polamns in these materials. XAFS on Tf~ BatCu06 and o(her “[1-tmw.t
superconductors indicate the presence of’ kx@ instabilities in the CU(>2 phlrws of these Imr[crids, in additiol!

[0 aXlid-OXyg~n insLlbilities,

1, Introduction

Six years after the discovcv of high-tcmrx ‘“ srrper-
c(mduc[ivity the microscopic origin of the pti Id mecha-
nism is still not clear. Iiowever, several expeti ~ents have
shown evidence [or strong coupling between the Iatriee and
rhc eleccrons that rake part in the srqwconductivitj, suggest-
ing the importance of the elccrron-phonon .nteraetion in ad-
dition to the electron-electron inleractiou in understanding
[he ortgin of high-temperature superconduc(ivi(y, This
strong intcractiort does not produce noticeable! changes in
[he average crystalline structure (probed by diffraction).
I lowcver, it gives rise to changes in the local crystalline
struc(urc in the vicinity of the superconducting trausuion.
Such cha.ngcs have txcn surr.tied, indirectly, by optical slxx-
(rmcnpy, rhmugh the trmtperature dependence of Ihe Iclc -
v:,n[ I{wd vltrratiorud modes, I ) ‘Ile local structure has ilfso
IWCI, @wd dtrt’cdy using local (echniqut!s such as: ion-
I’h:umehng,l) pair distribution function analysis of neutron
wvnlcrmg, ‘) M&4Muer specmmmpy4) and XAFS.5)

Among dw.se local probes, XAl;S pmvi&x! a dircx’t mca-
surcmcn( of p;lir IWtiid distribution functions, it being able
U) rc:wlvc details (m a scale given by ~= I /k_, where k-,
Ih [hc muximum viIluc of thr! phomelccutm momcnmrn
prt)bcd in the cxpcrirnerrt. Wc note that the equi v;dcnt vari.
Jhh’ I{] lhc phouwlcctron rnomcntum in pair-rlish-ihu[iwr
tunlvmn ( 1’1Nf) mmlysis of rreumw .scuttering IS the rr:tmwn-
I Iun tmnst’cr q= 2k. ( ‘on.sequcndy, to i~hicvt! !hc sum! rcw)-
lIItI(Nt in rc;tl ~pmw in iI neutron Killttrirlg cxperirncnt :i.sttul
:ICIICVCX1 in XAi;S it is nr!ccs.wy to use a valIIc of q IWICC
Ill;it ~)( Lmdt. III d(idi(i(m, C(mvmionrd Nirtvcld rctincmf:nr.s

(){ (Illt’ril(lloll (Iiltil, UWd 10 rkwminc Cry$tilllillr! slrtklurc,

,1:~umc ii pi~rti~lll:ir synunc[rv group, Whtl~ (hc ilv~~txe
jtrut’tu~c If (xNIsIW*II[ with Ihc :Issurnrxi symmetry gr(wp,
lf~t’~{llv iu~l) syrnrnt!try might be trrokcrl In c[mtr;~st. In
XAl;S Iht tlctt!rtl~lri;ltior~ (}f [he pidr dislrltsu(mn I“um’lion
(1(x$xml[ u .~ulttc A P@icul;u ~ymnwtry.n) ‘his Iimilillitm
mdc I( mqxwhlc m ohscrvc Ok dtmhh!-well iixi;d.oxv~cn
I;IIII(C in ,Iuhlli(y dc’tcrmincd hy XAI;,S$) u~in~ ~(~nv~ntlollid
twulnm illl(l x-r;iy ~11[1’ll~tl{ml.

In wh{:tion2 wc review IhC X AI:S fotln\lli\{ion” CXprCWWl
itl Icrmk t~l pillr rdiili dlstrtbutitm tunctl(ms (Rl)l:s), dctcr -
II IInt$(l t’n)m m(dcl pnir p)lcntids, Wr! :Ilso discuss [he ad.

v;mt:tgc (I1 XAl;S t)vur l)[)l; ;tn,dy~is {~f ncu(r~m i(atwrttl~

data in di.seeming details of the lU)F< in section 3 wc sum-
marize fbe main rcsrrlts regarding the FWF for Ihc! (’u-ax Ltl
oxygen pairs in Y&t2Cul(A4 and ‘II Ba:(’al(lr401 I In sec-
tion 4 we present the res~l~s of a Pcicrls-}lubb,arrt m(hiel,
which shows an underlying P&ironic origin for the &NJttlc~
peaked Cu-a%ial oxygen W)F. In scclion 5 we show R!SUIIS
supporting the existence of a multisite WY fur the (’u-()
bonds in the Cu02 planes of 17zBap(’u06. We prment the
conclusions of Ibis paWr in .seclmn 6.

2. Pair radial dktributkm functions and XAFS

We have ymcntcd a gencrai discussion of W w I:llion
between XAE3 and the RDP clsr!whcre,’) here wc give a
summary of the mc[hwi.

For a many htiy sys[crn we cornpuw the XAI ‘S it( I-lnllu
[cmp~at~ by forming the surlkli’~d ;ivcrilg~:

<X>= Tr(p~]. (1)

1Icrw, p dcnutcs the rkwit y matrix wsoci;mxt with It)(: man!
hxty Ilamihoniirm H([q, ), (p,)), which mvolvcs [tw ~xxmll.
n:itcs, [q,), andmomma. (p,), of idl the iom ill Ihc syil~’nl
l:(T simplwity, wc assunw IIIat x is given by ttrc K c’dyc \In-
gll’ ~’i~([efilg XA1% t’{wrnuiuf(~ UIIpol:Ui/d X.IJy\ iIItUt\~III
on a polycrysrxllirw s:unpk:

(.’)



Ihe thermal rno[ion ()( Lhcdltmls. [hen ,:(:) !s gl)cn in [crrns
CI’ [hc ~ingle-par~clc wave Iunchons, ( W,(:)), where : dti-
nok!s dre rt!lative rlisplaccrncnl along !hc hmd direction;

~ lwl(z)l’e”’y~’
g(:)= ‘

~,ck ~
(.4)

ilcre, c, denotes the Iti eigenvafue of tie single particle
liamillonian, and the tcmpera(ure of the systcm en[ers
through &I /k8T. We determine the wave functions by solv-
ing tie Schr6dinger equation using the reduced ma..s, m, for
dre atomic pair of intercsr. and a mm-felpowntiaf V(:), char-
ticterimf by parameters determined by fitting M cxperimen -
taf data. $ince the variation of the XAFS phase and ampli-
tude functions is srmdl in the region of intcres[ of ttw Ionic
motion, one can use XAFS amplitudes ,amf ph~ws derived
from rcfemnce sysremscg)

Eqs, 3 and 4 represent the average of ~ for the genera]
case of a quantum mechanical syswrn at finite Iempera[urc.
(iiven this average, .fe ~rt’orm a nonlinear leaw-.squares ti[
between <p and experimental data in [he k region of in[er-
csL using, as param ‘ers to be determined, the average bond
length, R, and the ~arametcrs entering in the dcfinitmn of
V(Z). The number of a(oms, N, is held fued at the value rlc-
termined by Crystailogiaphy.

We twe that the parametmizaticxr nf g(:) provides a nx-
ural way to study n&r-gaussiiur static disorder. In this ea...,
one can still use Eq. 3, witi g(z) characterized in terms of
pamrneters determined by fitting Eq. 3 [o expenmentaf daL1.

As shown by F4. 3 XAFS provides a dirc~t mcawrremcnt
of the RI)?: for a given pair of atoms. More precisely, Urc in-
tcgraf in 1:4, 3 shows thnt <p is a convolution of the Rf)l:
and tie scattering facto,s entering in Eq. 2. (’onscqurmliy,
any errors in the cstimatiou of’ these factors will result will
rcsuit in cocrespomfing errors and ambiguities in r.hcdeter-
mination of g(z).

I?iir distribution function ( PDI”J anafysis r f ncutrorr (or
x-ray) diff’racuorr data also probes the RIM; t~fa gIvcn pau
of irmms. I Iowcvcr, this Wchnique L$commc nly uxcd in un-
{JrI?nrcd powder :SiUn@CS, wading to a l>f)~ which comsis[s
of an avcmgc of the RI)i:’s for all diffcrtrrt p<airsmid over
all arrglrx, convolulwf with the ncutrorr ,scatrering ‘actnr for
each dit’fcrcnt atom. In this sense XA1:S on oritvrftd sarnplc.s
p:ovidcs ir mnrc dinxt probe of’ the NIX: for a given pair, as
l~mx [Lsmultiple Scaltcring Is not Sigflifkilrll, ~’011.W~ULVllly,

for ~lctt’rlllii):itio[l of local Wucture over the scale R <4,1,
XAI:S is a more scnsirivc fcchnique than PIW’, while f(w dc -
tcnninution of I(X:U structure over the rangt ~ < N c ~~) A
1’[)1’;malvsis is m(we scnsiuvc thiil~ XAI:S. 1”)

.!, ‘1’hc (. U. ISXISI oxygen radial dhtributhtrr fu?wtkm

lures is more explicl[ in [he Iwll;itud {’11-()(4) c~m~lhull~)n
((hainw.f by back uwsttmnln~ (~vcr the rcglon I I < A’ <
~.() A), where rhe prescrrcc of ;i hat .uwund k = 12 :{ 1\ig -
I)~Is IW() (’u< 1)-0(4) distances. ‘I’hls ka[ (jISJppC;US Ior
tcmpera[uzes IICiU the supcrcumluclmg [mnsl[ion tcmpcra -
[urc TC The contribution from the softer ( ‘u( 2)-( X4) bond Is
negligible in rhe beat region. 7)

(@ntitalive information about rhc (’u-()(4) RI)I: was
cxrractcd by nonlinear ka.$t-. squiifes Ii[(ing over Ihc rlngc
~ < k < Iq AI,on [Touricr-tii[crcd d.JtAmci]surc~ ;~t/. = I().
83, 86, 88, ‘)5, and lf)~ K, Wc UICIUdCd h)[h(‘U( ] )-(l(-t) :Illd

(’u(2) -(X~) Contrihulion$ and :is~umcd 3 d(~ubic-well
piUldbOhC pOttHMhf of thC form:

(5)

where u, b, :1, :2 art detumlinwf by the tit. I’bc f+l)l; rcsuit -
ing from tic fits is shown in I:ig. 1.

Wc found lhat g(z) exhibits two peaks s~p~uiit~d hy
0.13 A for tcmpemtures 1. = I() K. id T > M K. wl[h u &-
crcasc in the separation of - (),2 A inside a flu~[uiitlon rc-
giorr around 1~. We note lhal r-heacm;d tcmperilures ot rhc
siimpl~ are 5- If) K higher [h,ur those quo(cd here, ‘1his
change in g(z) is tie result of a change in the potcntiaf V(:)
as shown m Fig. 1. ‘Ile motion of the ()(4) atom in (hc
deep-double-well po(entia!, k’(z), an be described by a Iwo-
Ievel system, wirh a symmtwic ground state and an anli-
symrrw’wic tirst Cxcited sLIM, st’pard[cd by :in Cnc’rgyho~ =
L.l– cl, where @ is the tunneling (rcquency bchvccn the [w()
well rn~nima. The change In g(z) can be l.xmvt’nicn[ly
~hiu~~i~r\/M by the change in ~ M shown In I:ig 2. \$’c
have cxphiincct this twhavior by ii.~sumlng a ~otiplit)g

between [hc proposed (wo-level sys[cm and [hc
supertwndwting order pararnctcr ( includm~ Iluctmmi)lls).’”



R’L! illStI sludiul lh~ (’U-()(J) LXMIUitMllllMIS K) ltlC ptllM-

i/ccl (F II c) (:u K-edge .KAI:S in Yfl:k(’uloa$o
‘r.Baz(lIz U(’oo @7, at 10 K, using a nonlinuar IL!M!-SLIUMCS
Iil ~s LJcscribcxlabove. LrIthis cw4 wc found a syswrmuiu dc -
cras of tie tunneling frquency q as a (unction 0( T,. I 1)
Wc intt!rprctcd rhis wend man imfica[ion that (Iw motion of
[hc ()(4) atom bcconw more harrnmw wIrh Lhxrcasing “~.

Besides r.hc YBCC.) system, we have s[udicd 11-tm.t!d mam-
Ms. We iuldy~d unpdari:ed CU-K M@ X AH dwa t’rom
‘Ilfkll(’a](’u, (),,. in rhis mmmia.1 tic abst!no! of u short (’u-
imiid (IRYgIXI bond illlowIM us IO SCpWdIC thC (’u.i~~ id oxy-
gen cumribu[mrs from tic t’u-cqIIaLOti oxygtm cOlIrrihII-

[iorrs, making i[ possible lo U.+CXAFS dam lrom unoricn[ud
powfcrs m smdy the Cu-axial oxygen RI)F, In this CMC i[
was nol pmsiblc m use Ihc formalism hmcd on a ~Ncntix.1
;Lsdcwlifn!d d’nwt (due to lhe inapplicahilily of’ Ihc l~inslcin
f(mrrralism for r.he long (’u-() hod). ,Nonlinc:u Icw-.square
tiLs US~g gWISShIl fX’ilkS .Sb(JW IW() (’U-iUlid oxygml pO\l -

[ions scpam[cd hy f), 17 A, wilb [he .scjxu-iitiorrdccrclsin~ m
IUSSrhan ().10 A witiln a ffucuration rcgiun around ]:. 1:1
“[his finding is consistent witi the ob.scrvation of ~ split
mid m ygcn position in ‘[l ~Da2(’a(h201 by PIN: ;Ulilly\iS of

lmtmhl. “Ilc finding of a splil axial-oxygen ptxilitm in ‘l-l.
ha.%~rlmilk! rials suggcs~ Iha[ [his migh[ hc a general
uharactcrislic of high -tt!mpcra[ure supcrcnnduc[ors, Rc -
ccnll y, 13iiuwoni e( U/. have-found evii’nce f[)r a spl il axial

oxygtm posilion in Bi-ked mii[~riiils, i’) which [hey hil,c
i’tmm!!uxl wilh lht! motion of holes in this atom.
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[f) [hc NO% MNmuaJym [hc tunneling lrc~{wll~.y dcrlvl.d l“r~un
xAI’s.

iii) show an underlying ph(mic ~)rl~l[] Ior Ihc [WI)-SIIC

(’U( I )-()(4) RIM’,

“Ilw 1lwrrilllmiiul Is given hy:

t{,, = ~f,n,,d+~un,Tn,L
(71:1 1.1

(();1)
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(huItIIL’.jw,lkL”Il (’IK I )-! )(~) ~l)t: hm d [K)l.lnUllk- Imylll ltlc

II(IIC lth:IIIim l(dhws lhc l;ilti~-cdisl[wll(vl In [hc ( )(4 i -(”u{I )
(h.!) clus[cr.fi’

5. h-plum cu-() anmd,ies h T1-haA suprcondudom

YB(’(J is an ideal sys[em lo study derails of rhc ( ‘u-()(4)
RIY: using XA13, duc (o fhe sborl (’u( 1)-0(4) hml hmglh.
I luwcbcr lhc frrcst!nuc of tie Cu(l )-()(1) chwrrs. m:tics it
diflhxrll N) scp:uafe Lhe XAFS contributions from rhcsc
chtiins and the (’u .() bonrls in rhc (’u02 planes. (’uIIsc -

quwrlly, wc hiivc USC(11“1-1’xwdmrnpmmls with wcll-char-
m“lurlml :lvurngc urysfdlil,c srnrmrrc,’$~ [o %IudyIhc kx:il

(B)

P#. (u,”, u,)l’ ~ A

(c)

6. ( ‘om-hl~lamrl

1’ (; /\llrll, 1 Il;lll.111’, 1’ II (LK/(m, (; {; I 1, 11 \
Slllll,llll;llll,lll. ,111(1\ ,1 I lll~lll,rrl Il;lt(l Jlul Imwll lll\(ll\ (.11,11

{Iltll!lrlll wlKr\ (1I 1111’1wlMk W(’ ,UL’ gl;ill’till 10 $ S,llll[lwlll

1{11.1 tllllt’ill l~’\l(-W l~t Illlt lll,lllll\L’ll[ll l’.\lK’llllll’lll’! l$l’l!’
L’illll(d tIUl A !i.$kti W(’ *( 1111Ii Ilkt’ hl Ih,ulk ltl(’ /\ II I.111,I’ti
( ‘(llllpullll~ I ,;lhr)l;lll)ly ;1[ I ()\ /\l.lllK)\ It)! Ih(’ 11’d’ ,!1 ,1

Q \ !() L,,,,l,,~llL.l ill 1111*111(’,)11’111’;111’111(111.lll~ltl~(’(}NVII,X ( .,
i hi%w(~lk W’;li Illlkh’!l hv Ilk’ il,I\I\’ l:lM’l~V h Ii’th I’ 11111, I“ III

lh(’ I h:lmutwm III t IK’IHy



Xekreswa

I ) D. I:ririjl,(’, “ll~)mscn. ad hi (’dt)na. I)h}h RCV I.c-tt 65,
I’W(.D915 , 1[.S. (Mh and E K. SdJje:I%ysiua(’ 171 (IWO) $47

2) R.1’ Sharrna. I.. F.. Rchn. 1>.M. IJaldo, and J. 7 I.iu. I’hys. Itev
I.cIL 62 ( It)liq) 21Mr~,

!) D. II, ‘r,,hy . “[”,[;. [;gfi, J, D Jorgen en. and M, ,\
Subr,unanian: l’hys, Rev. IZII, 64 ( IWO), 2414

1) 1’ WU, s, l’IJJhd[l. WILI P. Dtmjlch~nd: I’hys. Rev [,cu. 67

(1991) !Ilbt

$) S. l), l“w-uadaon, I. [), Kaisfrick. and A. R, Did-top. SriC~ue2-M
( IWO) 1.194:J. Muwe & l~m, S. D (“wm,lwm, 1, Dwsuc, md
A. R tlishup: }’hys.Rev, IZU. 6S ( ;WO) 1675.

6) J, Mustrc de l,eun. I nar.islir, A, K, Bmhqx S. l). f’imrdstm,

d S, A, “~mgmdn: I’hys. Rev. Iell. 6JJ ( 1942) 1236.

7) J. Musrre & [mm, S. D (~onrdmn. I. Batiscic, & It IIwhop. 1.

1) Rtimrck. M. C. Arunsun, and F. 11, G=zcrr: Phys. Rev B 4S

(IW2;.?.147.

H) J. J. Kehr. J Mustm de I.mm, R (’. AhcIs, ad S. I. ~dblnSky:

J Am, (’hem .Sw 113 (lWl)51.lS:J. Mustre del.con, J.J. Rehr.

~. (“ Alhcrs. and S. [. ~ahLtiy: I]hys, Rev. B 44 (1901)4146.

I)) S. J, 1., Billinge, P. K. [)avict, T. Egam.i, and (’ It. A. (“JIJOW:

Phys. Kev. B U ( 1991) 10140.

10) J. Rfihlcf: lxtic rifecLs m Iligh fem~slurc SulmwIIIducrm+,
da. Y. Bar. yasn. r. l@ni, J. Mwrc de lam, and A.K. Bishop
(Wurld Scicnufiu. Smgqmre, IW2). in press,

I I ) J. Mum~ de [mm . S 1~ (’onrdson, 1. Bd!shu, and A, R

llish[~p: I’hys Rev. D 44( IWI ) 2422

12)1’. (; Allen, J Mustmtk l.mrI, S. l). (“onrdrm ad A. N
llbiwp Ptiys. Itev B U ( 1991) IWO,

I !) A, Iliwlciml , S Ikllu [~mga. hi. Muimmi, [, I’CIIIU, d hf.

l’IUIIp& l.#llIL’c CI(CUW iil Illgh Wupcrwxc SUIWWIIdWII.WS, ds
Y D,xr-YmI. 1, Egaam, J, MuW’c & l,mm, and A It JJIshop

(W’[dd ,%IcnlllIu, Smgalwre. lW2), m lmss.

I.1) J. hlumx dc I.etm. S 1) (“lmrdsrm, P. (i, Allen. I flallsk,
JIMIA K IJIsIM)l) Illgh I’cmlwldurc SUIRrUIUmIILIIVIIV, mls J

A\hkenwi rI d ( I’lcrwm Iirss. Nrw Y,Mk I’.WI ). PK. J25

I(I){ i ( i I,t. J \fIIsuc tk l~tIII, S 1) (’IIIIfmlMIII. /\ R llIilM III, hl
,\ $ullf.unmm, ,Ind I I ~ K,lltfrl( k III lIm IW,IIIIIII


